Chem. 277, 34508 -34520). To further investigate this effect in more detail, ␣-and ␤-semihemoglobins, namely, ␣(heme)␤(apo) and ␣(apo)␤(heme), respectively, were prepared and characterized with respect to the impact of allosteric effectors on both conformation and ligand binding properties. Semihemoglobins are dimers characterized by a high affinity for oxygen and lack of cooperativity. We found that, compared with stripped conditions, semihemoglobins responded to effectors (inositol hexaphosphate and L35) by decreasing the affinity for oxygen by 60-and 130-fold for ␣-and ␤-semihemoglobins, respectively. 1 H NMR and sedimentation velocity experiments carried out with their ligated and unligated forms in the absence and presence of effectors revealed that semihemoglobins always remain as singleheme-carrying dimers. Recombination kinetics of their photolyzed CO derivatives showed that effectors did indeed interact with their ligated forms. Measurements of the Fe-His stretching mode show that the semihemoglobins undergo a large ligand binding-induced conformational shift and that both ligand-free and ligand derivatives respond to the presence of effectors. Contradictions to the Monod-Wyman-Changeaux/Perutz allosteric model arise since 1) the modulation of ligand affinity is not achieved in semihemoglobins by the formation of a low affinity T conformation (quaternary effect) but by direct interaction with effectors, 2) effectors do interact significantly with ligated forms of high affinity semihemoglobins, and 3) modulation of the ligand affinity and the cooperativity are not necessarily linked but instead can be separated into two distinct phenomena that can be isolated.
Hemoglobin (Hb), 1 the oxygen transport protein in blood, is a tetrameric molecule composed by the assembly of two identical ␣␤ heterodimers in which each subunit carries a heme group to which oxygen binds reversibly. This ligation process is characterized by a phenomenon called cooperativity; each successive ligation of the hemes within a tetramer is accompanied by a progressive increase in the affinity for oxygen of the remaining hemes. Cooperativity can be described by the so-called twostate or Monod-Wyman-Changeaux (MWC) allosteric model (1) , which proposes that Hb is allowed to assume only two conformations, T or tense, characterized by a low affinity for the ligand and typical of the unligated form, and R or relaxed, with high affinity and typical of the ligated form. Progressive ligation shifts eventually the allosteric equilibrium from T to R.
With the proposal by Perutz (2) of his stereochemical mechanism, the correlation of two distinct molecular structures, unligated and ligated, with the so-called quaternary T and quaternary R functional conformations, respectively, was tacitly established. The T conformation was stabilized by an intricate network of interdimeric interactions, namely, salt bridges and hydrogen bonds formed mainly between ␣1 and ␤2 (or ␣2 and ␤1). Upon ligation of the hemes, these interactions broke apart, releasing the allosteric constraint and the two heterodimers rearranged to adopt a more stable conformation, which was reached by a slight rotation of one dimer over the other, resulting in the R conformation (2, 3) . Since then the R conformation was associated with the ligated state, which was characterized by a high affinity for ligands, and the T conformation was typical of the unligated form of Hb and was characterized by a low affinity for ligands.
However, recently, certain experimental evidence has shown that the allosteric mechanism of Hb is far more versatile than what it has been known. For instance, the so-called Bohr effect, i.e. the change in oxygen affinity upon pH change, might not be the product of the direct interplay between protons and Hb but, rather, between heterotropic effectors and Hb, regulated by proton concentration (4 -6) . Clear evidence was shown when only pH was allowed to vary in the absence of any other effec-tors, including chloride; Hb displayed an extremely diminished Bohr effect. However, upon introduction of heterotropic effectors, the Bohr effect increased dramatically, and its magnitude correlated directly with the strength of the effector: the stronger the effector (or a combination of these), the larger the Bohr effect. This enhanced Bohr effect, mediated by the interaction with effectors, is reminiscent of the so-called Root effect (exaggerated Bohr effect), found in some fish Hbs, although it was not previously observed in human Hb.
It was also noticed that in the presence of strong allosteric effectors, Hb showed an extremely reduced affinity for oxygen with a near absence of cooperativity. In classical terms, this could be interpreted as if the interactions with heterotropic effectors stabilize the molecule in the low affinity T conformation in such a way that the transition of Hb to the high affinity R conformation was hindered. However, structural analysis with quaternary probes showed that the molecule once ligated indeed adopted the R conformation (4 -6) . This implied that the R conformation does not always equate with high affinity for oxygen. This puzzling situation prompted us to formulate the question of whether the heterotropic effectors did in fact interact with the fully ligated R conformation. According to the MWC model, only the deoxy T conformation is expected to interact with heterotropic effectors, thus stabilizing the low affinity state despite the fact that some previous works have shown that some effectors, such as chloride, 2,3-diphosphoglycerate, IHP, and ATP do indeed bind to the oxy-Hb (7) (8) (9) . Detailed functional studies of these interactions, however, were not conducted.
To investigate the interactions of allosteric effectors with the R conformation of Hb, we prepared ␣-and ␤-semi-Hbs (dimers of the form ␣(heme)␤(apo) and ␣(apo)␤(heme), respectively) and studied systematically the effect of strong allosteric effectors, namely, IHP and L35, a potent regulator (10) on their oxygenation characteristics. The use of semi-Hbs allowed us to examine exclusively the intradimeric interactions (between ␣1 and ␤1, or ␣2 and ␤2), since semi-Hbs did not form tetramers under any condition, and therefore, the interdimeric interactions (between ␣1 and ␤2, or ␣2 and ␤1) were absent. According to the stereochemical model of Perutz (2) , allostery in Hb is governed primarily by events that occur upon ligation in the interdimeric interface, namely, ␣1␤2, or ␣2␤1, that leads to the quaternary T 3 R conformation transition. Surprisingly, our results with semi-Hbs suggest that this is not a necessary condition.
EXPERIMENTAL PROCEDURES
All reagents and buffers were of analytical grade. L35 was synthesized according to Lalezari et al. (10) and purified by double crystallization.
Preparation of Hb-Human adult Hb was purified from expired red blood cells, obtained from the local branch of the American Red Cross, and processed as previously described (4) . Hb was promptly converted to the CO form, stripped from organic phosphates, and further purified by ionic exchange chromatography using CM resin in a sodium phosphate buffer system to remove minor components. The final Hb solution was in 5 mM HEPES buffer, pH 7.8, saturated with carbon monoxide, concentrated by ultrafiltration using Omega nominal molecular weight cut-off 10,000 disc membranes (Pall Filtron Corp., Northborough, MA) and stored in the cold. Before use, whenever oxy-Hb was needed, CO was removed by exposing the sample to strong illumination under a stream of pure oxygen on ice water.
Preparation of Semi-Hbs-␣-and ␤-semi-Hbs were prepared essentially as described previously (11) (12) (13) (14) . ␣-and ␤-subunits were isolated from CO-Hb according to the method of Bucci and Fronticelli (15) and remained in the CO form throughout the preparation. ApoHb was obtained by the acid-acetone method of Rossi-Fanelli and Antonini (16) from a 1 mM solution of oxy-Hb thoroughly desalted. Either ␣-or ␤-subunits in the CO form were mixed with the apoHb solution and allowed to incubate in the cold for 2 days under a CO atmosphere. Replaced apo subunits appeared as a creamy precipitate and were removed by centrifugation. Semi-Hbs thus obtained were purified by ionic exchange chromatography, concentrated by ultrafiltration, and stored in the cold until use. A satisfactory preparation did not produce any precipitate over time and showed an electrophoretic band slightly diffuse and intermediate to ␣-subunits and HbA 0 . Conversion to the oxy form of the semi-Hbs was achieved as described above for COHb.
Oxygenation Measurements-Oxygen equilibrium curves were obtained using an improved version of the Imai apparatus (17, 18) as described previously (4, 19) . Sample concentration was 60 M heme (120 M subunits in the case of semi-Hbs) in 0.1 M HEPES, pH 6.6 -8.6, containing no chloride (stripped conditions), IHP (2 mM), L35 (0.5 mM), or a combination of IHP and L35 (2 and 0.5 mM, respectively). To prevent metHb formation, small amounts of superoxide dismutase and catalase (Sigma-Aldrich) were added to the samples. All measurements were carried out at 15°C. Oxygen was grade 4.4, and nitrogen was grade 5.0 (BOC gases, Murray Hill, NJ).
1 H NMR Measurements-Spectra were measured on a Bruker ARX-500 spectrometer at 15°C. Semi-Hb samples (1 mM heme) in the CO form were dissolved in 90% H 2 O, 10% D 2 O containing 0.1 M HEPES and 0.1 M NaCl, pH 7.0. The water signal was suppressed by using a jump-and-return pulse sequence (20) . Proton chemical shifts were referred to internal sodium 3-(trimethylsilyl)propionate-2,2,3,3-d 4 .
CO Recombination Kinetics-Geminate and solvent phase recombination after photodissociation by 530-nm Nd:YAG second harmonic 7-ns pulses at 1 Hz was monitored and displayed according to a method previously described (21, 22) . The kinetics at 3.5°C were displayed on a log-log plot of normalized absorbance versus time. Samples were 0.5 mM in dimer in a 100 mM HEPES, pH 7.4, buffer using a 1-mm cuvette. Effector concentrations were 2 mM IHP and 0.5 mM L35.
Visible Resonance Raman-Corresponding spectra were generated from the deoxy and CO photoproduct forms of semi-Hbs using a 436-nm 8-ns pulses at 20 Hz as previously described (21) . The samples, held in an air tight NMR tubes, were 0.5 mM in dimer and in a 100 mM HEPES, pH 7.4, buffer. The sample was cooled to 4°C and was spun throughout the measurement to ensure that each laser pulse sampled a fresh spot. The concentrations of the effectors were 2 mM IHP and 0.5 mM L35.
Analytical Ultracentrifugation-To determine the molecular weight of the semi-Hbs in the absence and presence of allosteric effectors, analytical experiments were carried out on a Beckman Optima XL-A ultracentrifuge equipped with absorbance optics and an An60-Ti rotor. HbA (60 M on heme) or semi-Hbs (60 M on heme, 120 M on chain) were either in the CO-or deoxy form in 0.1 M HEPES buffer, pH 7.0, 15°C, and the ligation state was confirmed by scanning the absorbance of the samples spinning at 3,000 rpm. Conditions for allosteric effectors were 2 mM IHP and a combination of 2 mM IHP and 0.5 mM L35. Sedimentation was monitored at 540 nm so that the total absorbance was around 0.8 absorbance units. Sedimentation coefficients were calculated with the program Sedfit (23) and were corrected to s 20,w using standard procedures.
RESULTS

Effect of Allosteric Effectors on the Oxygenation Properties of
HbA and ␣-and ␤-semi-Hbs- Fig. 1A shows oxygen affinity curves for HbA at 15°C, pH 7.4, in the absence and presence of allosteric effectors. Upon the addition of allosteric effectors, the oxygenation curves experienced a right shift (decrease in oxygen affinity). The effectors in increasing order of potency under the conditions were: stripped (P 50 ϭ 0.89 torr), L35 (P 50 ϭ 17.6 torr), IHP (P 50 ϭ 26.6 torr), and a combination of IHP and L35 (P 50 ϭ 93.9 torr). Here P 50 indicates the partial pressure of oxygen at 50% saturation as a way to express affinity. In other words, relative to stripped conditions, the oxygen affinity of HbA dropped more than 100-fold in the presence of strong allosteric effectors. In the presence of chloride, the upper asymptote of the curve matched roughly that of stripped HbA, which was similar to that showed by isolated ␤ subunits (␤ 4 ). However, in the presence of effectors, the upper asymptote experienced a dramatic decrease. We observed a change in K high , 2 the association equilibrium constant for the final liga-2 K low and K high , oxygen association equilibrium constants for the initial and final oxygen binding (in torr Ϫ1 ), respectively, corresponding to the lower (low affinity) and higher (high affinity) asymptotes on the Hill plots. For the present work we preferred the use of K low and K high over K 1 and K 4 (Adair analysis for a 4 binding site system) or K T and K R (MWC model) since they are analysis model independent. Association equilibrium constants for semi-Hbs were simply referred as K since they have only one binding site and show no cooperativity. tion step, from 12 torr Ϫ1 for stripped conditions to 0.021 torr
Ϫ1
when IHP and L35 were present (570-fold drop) at pH 7.4 and to 0.0085 torr Ϫ1 (1400-fold drop) at pH 6.6 (not shown). The lower asymptotes (K low values) also exhibited downward shifts that correlated with the strength of the effectors, but the changes were less severe compared with those observed in the upper asymptote (K high values). As a result of this combined effect, the cooperativity index, n max (indicated by the slope of the oxygenation curve on transition from a low to a high saturation degree), diminished drastically. The extreme case was detected at pH 6.6 in the presence of IHP and L35; n max for HbA dropped to 1.06, whereas the P 50 reached a value of 111.4 torr Ϫ1 (not shown). In the case of ␣-semi-Hb (Fig. 1B) , shifts were moderate when IHP (P 50 ϭ 0.56 torr) or L35 (P 50 ϭ 1.03 torr) alone was present. However, in the presence of both IHP and L35, the oxygenation curve shifted even farther to the right. The oxygen affinity, expressed as P 50 , dropped from 0.34 torr (stripped conditions) to 19.5 torr (IHP ϩ L35); that is, a modulation of ϳ60ϫ. Some apparent negative cooperativity can be observed in the curves containing IHP and IHP ϩ L35. This was probably due to a slow oxidation of ␣-hemes that occurred along the oxygenation measurements. Because there is only one heme per semi-Hb molecule and the oxidized heme is minimal at the beginning of the measurements, the representative oxygenation characteristic of the sample correspond to initial stages of the measurement process.
Larger effects on oxygen affinity were detected for ␤-semi-Hb ) and lowest affinities (K bottom ϭ 0.0085 torr Ϫ1 ), respectively, under the experimental conditions. The oxygenation curve for isolated ␤ subunits, ␤ 4 , matches that for the final ligation step of HbA. To facilitate comparison, curves for HbA were added to the plots for both semi-Hbs. (Fig. 1C) . The effectors in increasing order were: stripped (P 50 ϭ 0.23 torr), IHP (P 50 ϭ 1.3 torr), L35 (P 50 ϭ 7.3 torr), and IHP ϩ L35 (P 50 ϭ 29.4 torr). ␤-Semi-Hb exhibited the largest drop in oxygen affinity with the combined effect of IHP and L35; that is, a 130-fold increase in P 50 value, which is even larger than that computed for HbA (100-fold). Strikingly, here the effect of L35 is larger than that of IHP when compared with the case of HbA.
As shown in Fig. 2A , the lowering effects on oxygen affinity by IHP and L35 were almost comparable with each other. However, the effects of IHP and L35 were additive, indicating that these effectors actuated in combined action on different sites of the Hb and semi-Hbs molecules. In the case of ␤-semi-Hb (Fig. 2B) , it is clear that the effect of IHP was much reduced compared with that of L35. The interaction of IHP was more sensitive to pH (the effect decreased considerably as pH was increased above 7.8) than that of L35, consistent with the hydrophobic nature of the latter interaction. However, like in the case of HbA, the effects of IHP and L35 were additive.
1 H NMR Spectra of ␤-semi-Hb-As shown in Fig. 3A , in the absence of L35, the exchangeable proton signals at 12.3 and 13.1 ppm, originated from hydrogen bonds in the ␣1␤1 subunit interface, were almost identical to those in CO-Hb, indicating that the interface in semi-␤ Hb is well formed. The addition of L35 caused a decrease of the signal at 13.1 ppm, with a concomitant increase of the signal at 12.8 ppm. In addition, two broad peaks appeared around 11.9 and 14.1 ppm. Upon increasing the concentration of L35, the ring-current-shifted proton resonance of E11 ␤Val␥ 2 -CH 3 at Ϫ1.8 ppm (24) disappeared, whereas a new peak appeared at Ϫ2.2 ppm (Fig. 3A) . The exchangeable proton resonance and E11 Val␥ 2 -CH 3 of semi-␤ Hb in the CO form in the presence of L35 and IHP exhibited almost identical features to those in the presence of L35 alone (Fig. 3) . However, there were some differences in the chemical shift of other ring-current-shifted protons from Ϫ0.5 to Ϫ1.5 ppm (Fig. 3B, right panel) (24) .
CO Recombination Kinetics- Fig. 4A shows the recombination of photolyzed CO to ␣-semi-Hb in the absence of any allosteric effector (trace b) and presence of IHP ϩ L35 (trace c). They are compared with native COHbA (trace a) under relatively low photodissociation where there is no low affinity state rebinding as a control for the high affinity state and the corresponding ␣(Fe-CO) 2 ␤(Zn) 2 hybrid Hb ϩ IHP at pH 6.5 (trace d) as a control for the low affinity state. Fig 4B shows the corresponding results for ␤-semi-Hb under the same conditions but with ␣(Zn) 2 ␤(Fe-CO) 2 hybrid Hb as a control for the low affinity state (25) . The portion that extends throughout the nanosecond scale corresponds to the geminate recombination. Under the present conditions, ␣-and ␤-semi-Hbs showed only first order recombination phase that is comparable with the fast bimolecular phase observed for R state HbA. When compared with stripped conditions, the presence of effectors slightly extended the recombination phase in the case of ␣-semi-Hb. In contrast, the bimolecular phase for the case of ␤-semi-Hb is significantly altered. The geminate yield was reduced from 55 to about 35%, and the recombination phase extended for about 2.5 decades. These results indicate that the recombination process of CO to ␣-and ␤-semi-Hbs is indeed affected by the presence of allosteric effectors under conditions where these models do exhibit behavior consistent with any quaternary conformational change. It can also be seen that the recombination processes from the semi-Hbs are markedly different from those of the low affinity CO-ligated Fe-Zn hybrids in which the recombination traces showed an extremely low geminate yield and extended almost parallel to the abscissa throughout the 100-s time scale, typical of low affinity native HbA locked in the T state conformation (25) . CO rebinding experiments with NEMtreated ␤-semi-Hb (Fig. 4C ) in the absence of effectors showed that only the geminate yield was reduced from 55 to 45% with no effect on the bimolecular phase. In the presence of IHP and L35, the recombination process was extended about a decade. Similar changes in the kinetic patterns were observed for NEM-treated HbA (26) .
Visible Resonance Raman-Figs. 5, A and B show the low frequency region of the Soret-enhanced resonance Raman spectra from both the semi-Hbs as well as selected reference species. The low frequency peak located between 214 and 230 cm Ϫ1 in these figures arises from the conformation-sensitive ironproximal histidine-stretching mode often referred to as the Fe-His mode. Fig. 5A shows the spectra for the deoxy derivatives of the semi-Hbs as well as the 8-ns photoproduct spectrum of COHbA. Not shown is the corresponding spectrum from deoxy-HbA, which is very similar to that of the deoxy-␣-semi-Hb in the presence of effectors seen in the bottom of the figure. Fig. 5B shows the 8-ns photoproduct spectra from the semi-Hbs along with photoproduct spectra from COHbA and CO myoglobin. The overall pattern of changes seen for the semi-Hbs as a function of ligation resembles those seen for HbA (25) (26) (27) . In both instances (HbA and the semi-Hbs), the transition from the deoxy to the photoproduct species is accompanied by an increase in the frequency of Fe-His , a slight shift to higher frequency for the heme ␥ 7 mode at ϳ 300 cm Ϫ1 , and a decrease in intensity for the propionate-sensitive band at ϳ340 cm Ϫ1 . Changes of this magnitude as a function of ligation are not usually seen for either myoglobins or noncooperative Hbs.
A summary of the frequencies for the Fe-His band as a function of protein and solution conditions is given in Table I the photoproducts to the unligated forms, the stretching frequencies are shifted downfield by 9.4 and 11 cm Ϫ1 for ␣-and ␤-semi-Hbs, respectively. The presence of allosteric effectors produced a downshift in their frequencies of 4.5 cm Ϫ1 for ␣-semi-Hb and 1.2 cm Ϫ1 for ␤-semi-Hb in the unligated forms, whereas the shifts to lower frequencies for the photodissociated forms are 1 cm Ϫ1 for ␣-semi-Hb and 3.6 cm Ϫ1 for ␤-semi-Hbs. There are distinct Fe-His differences between the semi-Hbs and HbA in both the frequencies and the amplitude of the frequency changes. For HbA, the unligated derivative Fe-His shows little or no sensitivity to the presence of effectors (27) . Furthermore, the effector-insensitive Fe-His frequency at ϳ205 cm Ϫ1 for the ␣ heme, as seen for T state iron-metal hybrids such as ␣(Fe)␤(Zn) (25) , is substantially lower than for unligated ␣-semi-Hb with or without effectors. The frequency for Fe-His for the unligated T state ␤ heme is, however, close to that of the unligated ␤-semi-Hb. For the photoproducts, the frequencies and frequency changes are similar between HbA and the semi-Hbs; however, the T state photoproduct values (ϳ222 cm Ϫ1 ) for the ␣ and ␤ hemes as seen using Fe-Zn hybrids in the presence of effectors (25) as well as the T state photoproduct frequency seen for sol-gel encapsulated HbA (ϳ222 cm Ϫ1 ) (21) are distinctly lower than those seen for the semi-Hbs in the presence of effectors.
Sedimentation Experiments-Sedimentation coefficients were determined in the absence and presence of effectors, and the results are listed in Table II . Values for CO-ligated ␣-semi-Hb ranged from 2.84 to 3.06 and for deoxy-␣-semi-Hb, from 2.61 to 3.00. Those for CO-ligated ␤-semi-Hb were between 2.16 and 3.18, and for deoxy semi-␤ Hb, between 3.18 and 3.35. Sedimentation coefficients for CO-ligated HbA were between 3.80 and 4.08. Standard sedimentation coefficients for monomer, dimer and tetramer are 1.8, 2.8, and 4.3. Therefore, semi-Hbs either in deoxy or CO-forms under any solution condition remained as dimers.
DISCUSSION
Heterotropic Effector-linked Modulation of Oxygen AffinitySemi-Hbs have been reported to exhibit the oxygen binding characteristics of non-cooperative high affinity systems (12, 13, 28, 29) ; however, no report to date has pointed out their sensitivity toward allosteric effectors. The present work demonstrates that the non-cooperative oxygen binding in dimeric semi-Hbs is significantly reduced by direct interaction with heterotropic effectors. This implies that heterotropic effectors interact with ligated, high affinity species and unligated forms of semi-Hbs as well. Because only one binding site is available per heterodimer, heterotropic interactions can be observed without the interference of homotropic interactions. These ob- 8 servations strongly contradict the fundamental assumption of the MWC/Perutz model, which states that the modulation of oxygen affinity is exerted exclusively by the T 7 R quaternary transition and also the common belief that allosteric effectors do not interact with ligated states of Hb. Moreover, the additive effect of IHP and L35 on both semi-Hb species clearly confirms the previous observation obtained from native Hb that the oxygen affinity is controlled essentially by tertiary effects due to direct interaction with heterotropic effectors on at least two distinct sites on the semi-Hbs, independently of the ligation state of the molecule. Semi-Hbs, as dimeric associations of ␣-and ␤-subunits do constitute a quaternary structure, yet in a fashion that differs from that classical view of the MWC/Perutz model, which involves the assembly of two ␣␤ dimers, in what we call a supraquaternary structure. As pointed out before, the classical model relies on how these two dimers pack together to explain affinity states, as each dimer as a whole is considered an independent structural unit. In contrast, in the case of semi-Hbs, the ligand affinity modulation is accomplished independent of the packing (since semi-Hbs remain as dimers) by how these dimers interact with heterotropic effectors. The idea of dimers as structural units in Hb is not new (30 -32) . However, dimers have not been considered autonomous functional units before this work. We have to point out that although the role of allosteric effectors and the magnitude of their effect were never explicitly indicated, early studies (30, 31) were suggestive of clear structural and functional interactions between "certain salts" and Hb. For instance, it was found that whereas an increase of up to 1 M concentration of inorganic phosphate, citrate, or chloride produced an extended dimerization of Hb tetramers (30), the corresponding oxygen affinities not necessarily increased but, rather, decreased (31) . We can now reinterpret these observations by considering those salts as effectors capable of affecting the function of dimers.
From early structural studies (33) the apparently inert ␣1␤1 interface did not incite much in-depth examination because as it did not apparently hint at any relevant implication for the allostery of oxygen ligation. However, some structural and functional characteristics of the ␣1␤1 interface have been reported before. Some works have recognized that the ␣1␤1 interface is not as inert upon ligation as previously thought, since it was observed that structural changes were able to be transmitted across this interface, i.e. from ␣1 to ␤1 subunits, and vice versa (32, 34, 35) . The pairing of ␣G-␤G helices provided a major contribution for the stability of the dimer (36) . The implication of the ␣1␤1 interface in the control of the nature of the bound oxygen has been recognized when, compared with isolated subunits, the autooxidation rates of hemes decreased dramatically upon dimer formation, suggesting a considerable stabilization of the oxygen molecule (37) . The role of the ␣1␤1 interface on the control of allostery in Hb has also been suggested (38 -40) .
Our 1 H NMR measurements confirmed that the ␣1␤1 interface in semi-Hbs was well formed and practically identical to that found in ligated native HbA. The signals at 12.3 and 13.1 ppm from sodium 3-(trimethylsilyl)propionate-2,2,3,3-d 4 , corresponding to hydrogen bond interactions between ␣1 and ␤1 subunits (His-␣103 and Asn-␤108 (41, 42) or Gln-␤131 (40), and Asp-␣126 and Tyr-␤35 (41, 43) , respectively, were clearly present. Typical signals for the T conformation (T-markers), on the other hand, were not observed, indicating the absence of interdimeric contacts, namely, those between Tyr-␣42 and Asn-␤99 on the ␣1␤2 interface, thus corroborating the fact that even in the presence of strong allosteric effectors there was no formation of tetramer adopting a classical quaternary T conformation with semi-Hbs. The appearance of the broad peaks around 11.9 and 14.1 ppm upon the addition of L35 and/or IHP were different from the typical T markers and did not originate from hydrogen bonds between ␣1 and ␤2. They could be indicative of the low affinity extreme, and for this reason they need to be assigned. On the other hand, the decrease in the signal of the ring-current-shifted proton resonance of E11 ␤Val␥ 2 -CH 3 at Ϫ1.8 ppm with the simultaneous increase in the signal at Ϫ2.2 ppm seemed to correlate with a decrease in the oxygen affinity of ␤-semi-Hb caused by the interaction with effectors, suggesting that conformational changes in the distal side of the ␤-heme pocket might be taking place. The additive action of IHP and L35 indicates that these two effectors bind to different sites in the dimer, as was the case in HbA. The effect was a reduction of about 130-fold, considerably less than that for HbA. Nevertheless, this magnitude should be considered rather large for a species that was supposed not to interact with effectors at all.
The possibility of cross-talk between subunits within a dimer is implied by the different response to effectors observed in semi-Hbs. Because the response of ␣-semi-Hb to effectors is different from that of ␤-semi-Hb, we can conjecture about the existence of certain direction in the allosteric transmission between ␣1 and ␤1 in the presence of allosteric effectors. This issue has been the reason for some animated debate over the years (Refs. 44 -46 and references therein). Because semi-Hbs are dimers, the observations can only be applicable to intradimeric but not interdimeric interactions. ␤-Semi-Hb was relatively sensitive to IHP and L35, whereas ␣-semi-Hb only responded in a significant degree to a combination of both. This fact confirms the intrinsic inequivalence of ␣-and ␤-subunits and their dissimilar response to heterotropic effectors within the dimer; effectors actuate preferentially on the ␤-subunits. A possible explanation for the difference between ␣-and ␤-semiHbs was suggested previously (47) ; the structure of ␣-semi-Hb seemed to be more rigid than that of ␤-semi-Hb. This could partially explain why effectors exerted a more pronounced effect on ␤-semi-Hb rather than ␣-semi-Hb.
Results from CO recombination experiments were in agreement with those obtained from oxygenation experiments; effectors interacted with CO-ligated forms of semi-Hbs as the observed recombination phase in the presence of effectors was extended, and this correlated qualitatively with the magnitude of decrease in oxygen affinity. The effect of alkylation of the sulfhydryl group of ␤Cys93 in ␤-semi-Hb with NEM was similar to that observed in native Hb (26) despite the fact that the former is a dimer and the latter is a tetramer. As in previous studies there is a correlation for the photoproduct between the decrease in the frequency of Fe-His and the decrease in the geminate yield (26, 48) . In contrast, the correlation between the frequency of Fe-His and the oxygen affinity does not appear to hold for the semi-Hbs.
In the presence of allosteric effectors, unligated forms showed a rather small decrease in Fe-His values, which contrasted with a decrease of about 2 orders of magnitude in the oxygen affinity. These observations raise the question of whether the currently accepted positive correlation between the Fe-His-stretching mode and the quaternary-linked affinity forms of Hb is indeed accurate. The correlation seems to be more adequate when applied to tertiary-linked ligation forms. With the formation of the ␣1␤1 interface, the Fe-His bond becomes sensitive to ligation state but shows no clear linkage with affinity state. Thus, one might conclude that the modulation of oxygen affinity is not exclusively carried out by proximal effects reflected in the Fe-His mode but by other modes, including among them those related to distal effects.
The large Fe-His frequency difference between the unligated and photoproduct forms of the semi-Hbs strongly implies that the semi-Hbs undergo a substantial conformational change upon ligand binding. The low Fe-His frequencies observed for the unligated forms imply that the unligated conformations of the semi-Hbs should exhibit low ligand affinity. If indeed the frequency of Fe-His for a given conformation is a marker for the ligand affinity of that conformation, then the noncooperative high affinity oxygen binding for the semi-Hbs in the absence of effectors indicates that the ligated conformation dominates the ligand binding process for the dioxygen ligand. This assessment is plausible in that oxygen affinity is determined largely from the dissociation rate. Thus, if upon oxygen binding the semi-Hbs undergo a rapid transition (relative to the typical T to R transition) to the conformation associated with the high photoproduct Fe-His frequency, then the dissociation rate for the ligand will be governed by the ligated conformation and not that of the unligated form. In contrast, for HbA, oxygen binding to the T state is associated with a stable low affinity conformation even for the ligated hemes. In that case the quaternary structure limits the extent to which the tertiary structure responds to the binding of ligands. As noted above, the photoproduct of the T state exhibits a lower frequency Fe-His than for the photoproducts of the semi-Hbs. It is likely that for the dioxygen ligand, the correlation between affinity and Fe-His is most accurately reflected in the ligated conformation or conformations that govern the off-rate of the population in question. It should also be noted that the correlation between aspects of ligand reactivity and the frequency of Fe-His is not expected to be rigorous under all circumstances in that distal effects, especially in the ␤-chain, are known to contribute.
Crystallographic data of deoxy-Hb in the presence of several hydrophobic effectors, such as bezafibrate (49) , L35 (50), or RSR-13 (51) revealed that they all interact in a similar manner with deoxy-Hb. All these effectors share an alike chemical structure and all bind to the internal part of the ␣1␤1 interface (one molecule per interface); more specifically, between the ␣G-␤G and ␣H-␤B segments (the ␣1␤1 interface is formed by a juxtaposition of three helical segments on each subunit in a clamshell-like fashion: ␣B-␤H, ␣G-␤G, and ␣H-␤B). We have learned very recently that hydrophobic effectors also bind to COHb in crystal. Bezafibrate binds to the outer surface of the ␣-subunits across the E-helix and the ␣-heme (52), which L35 also does in a similar manner. 3 However, differently from bezafibrate, L35 also binds internally along the ␣1␤1 interface, facing the central cavity in both ligated (unpublished results 2 ) and unligated forms (49) as was also concluded in a recent solution phase study (27) . It is important to point out that these hydrophobic effectors bind one molecule per dimer, not per tetramer. Strikingly, the docking location of L35 bound internally to COHb is practically identical to that found for RSR-13 interacting with deoxy-Hb (51) . This reconfirms the fact that the way of interaction of these hydrophobic effectors does not noticeably discriminate between the ligation states, as they bind to both ligated and unligated forms of native Hb dimers. It is very likely, then, that this mode of interaction is similar to that observed with semi-Hbs.
In conclusion, semi-Hb models have allowed us to dissect the oxygenation function of Hb by focusing particularly on the intradimeric rather than interdimeric interactions, as they resulted mostly responsible for the modulation of oxygen affinity. They also proved to be decisively useful probes to inquire into the mechanism of regulation of ligand affinity in Hb and shed a new light on the study of cooperativity and ligand affinity modulation.
